Concepts from electrical engineering can be introduced to nonmajor engineering students through lectures, laboratories, or even research experiences. Often the purpose of introducing nonmajors to these concepts is to highlight that engineering problems are not limited to skills from only a single discipline as well as improve their ability to communicate and collaborate with other disciplines. This case study discusses the experience of introducing a nonmajor undergraduate student to electrical engineering through an undergraduate research project at The University of Alabama investigating the electrical properties of bamboo, which required the characterization of a portable moisture meter. These exercises were successful at improving the student's confidence and proficiency with electrical test equipment, highlighting the limitations of test equipment, and applying concepts of resistance to a real-world application that overlaps electrical, chemical, and biological disciplines. While this exercise was a component of an undergraduate research experience, similar exercises could be easily integrated into electrical engineering laboratories for nonelectrical engineering majors to introduce and reinforce concepts from electrical engineering using a multidisciplinary application.
Introduction
While engineering is often taught as independent disciplines contained in departments which can include electrical, mechanical, civil, and chemical engineering (to name just a few), engineering problems are not so cleanly divided. After their education, the challenges that engineering graduates will be tasked to solve will typically require collaboration across multiple engineering and nonengineering disciplines. Successful interactions with different groups require engineering graduates to be fluent in the terminology and tools of other disciplines to bridge the gap in communicating with team members with different backgrounds. When these collaborations require communicating with electrical engineers, knowledge of electrical engineering fundamentals is required. These fundamental concepts include resistance, voltage, and current as a starting point; building to basic electronics (operational amplifiers, sensors, microcontrollers), and common test equipment (multimeters, oscilloscopes, signal generators).
These topics are often introduced to engineering students through introductory courses for nonelectrical (i.e. mechanical, civil, chemical, aerospace, etc.) students. 1 At The University of Alabama (UA), ECE320-Fundamentals of Electrical Engineering 2 serves as this introductory electrical engineering course for nonelectrical students, with similar courses offered in most engineering programs at other universities. While most programs have an introductory electrical engineering course they do not always contain a laboratory element, which is the case for ECE320. It is during laboratory sessions where students gain hands-on experience using test equipment (often for the first time) with the intent to transform concepts from purely theoretical paper exercises to an understanding of the practical requirements for test and measurement. These laboratories experiences are aimed at preparing students for similar situations they may be tasked with during their future careers. While structured courses are the most common method to introduce students to electrical engineering, research experiences provide another opportunity to introduce nonmajor undergraduate students to these topics, providing the opportunity to engage with topics in greater depth than are typically afforded with the limited (to none in some cases) laboratory time of most courses.
The purpose of this case study is to detail the experience of introducing a nonelectrical engineering student to concepts from electrical engineering through characterizing a moisture meter. This project was completed during the execution of an undergraduate research experience that investigated the electrical properties of bamboo. We detail the electrical engineering topics that this project introduced to the student, present the operation of a commercial moisture meter and how it was assessed, and provide the student's reflection on their experience after completion of the project. These details are expected to be useful to educators interested in designing practical laboratory exercises for introductory electrical engineering courses and researchers interested in engaging nonelectrical students in their projects.
Research experience for undergraduates
The National Science Foundation supports a diverse range of research experiences for undergraduate (REU) students, where each student works closely with a faculty member and their research group on a project. These experiences have been identified as one of the most effective avenues for attracting students and retaining them in science and engineering, and for preparing them for careers in these fields. 3 These programs involve students in meaningful ways with ongoing research projects, provide high-quality interactions with faculty, and provide access to facilities and professional development opportunities that may not be available in traditional course curricula.
The UA has hosted an REU site, Innovative Engineering Using Renewable Resources, 4 which is a multidisciplinary program which involves research projects on renewable resources, with a focus on bamboo. This theme was chosen because of the interest and activities centered around bamboo at UA and in Alabama over the past few years. Alabama has recently began exploring growing bamboo as a new agro-forestry crop that could lead to the development of a strategic framework for creating a bamboo agricultural and industrial complex in Alabama. Until recently, the possibility of farming bamboo as a crop in the U.S. was not possible because of a lack of an economical supply of juvenile plants to establish large bamboo groves. Based on recent industry progress a sustainable U.S. bamboo industry is now possible, specifically with the largest temperate bamboo species, Phyllostachys edulis, or Moso bamboo, and a second species, Phyllostachys rubromarginata, or Rubro bamboo. Moso bamboo is used for food, fiber, paper, plywood, furniture, flooring, and architectural structural materials. Rubro bamboo is targeted for large-scale cultivation as a biomass crop that can be used for power generation, pulp, biochar, air, and water filtration. The wide spectrum of project topics that involve bamboo has allowed undergraduate students from multiple engineering disciplines to work together on problems with broad societal impact.
One of the REU projects at UA explores the electrical impedance properties of bamboo, with the objectives to measure and analyze the electrical impedance of these plants. Electrical impedance measurements of biological tissues, also referred to as bioimpedance, quantify the passive electrical properties of these complex, three-dimensional arrangements of cells in both plants and animals. The motivation behind collecting these measurements is to provide information about electrochemical structures and processes within these tissues, 5, 6 to be used to monitor changes which may indicate changes in the tissue under study. In regards to bamboo, understanding how the electrical impedance changes during heat treatment may aid in the optimum design of these processes or provide information that may be used to monitor the integrity of structures constructed with these materials. Bioimpedance research is multidisciplinary by its nature, requiring knowledge from electrical engineering to understand impedance, equivalent circuit models, and electrical test equipment, but also biological/chemical engineering to understand the physiological structures and chemical processes that are ongoing in the tissue under study. This need for complementary expertise provides opportunities for collaboration between diverse groups and exciting opportunities for both research and education.
Student background
During the 2017 summer execution of the REU program at UA, a junior, undergraduate chemical engineering student participated in the project to explore the electrical properties of bamboo. Prior to this research experience the student had limited coursework related to electrical engineering, having been introduced to the basic circuit elements, series/parallel interconnections, Ohm's law, and nodal analysis in an introductory physics and engineering course. Additionally, the student had used voltmeters to measure the voltage of galvanic cells during previous laboratory experiments. To build upon those initial electrical engineering topics with an application that overlaps their chemical engineering education, the student was tasked with (i) testing a commercially available moisture meter to characterize how it operates, (ii) provide the documentation to teach other students how this equipment operates, (iii) evaluate if this moisture meter is sensitive to changes in the moisture of bamboo. The intent of these tasks was to meet the following learning objectives:
• Apply the appropriate instrumentation to make measurements of resistance, current, and voltage; • Identify how the moisture meter measures the moisture content of wood products; and • Collect, analyze, and interpret the resistance measurements of bamboo to form and support conclusions regarding moisture and resistance.
Moisture meter characterization
The MO220 moisture meter from Extech Instruments, shown in Figure 1 (a) and Figure 2 , is a portable, battery-powered, conductivity moisture meter specifically designed for the wood industry and can be used to take moisture measurements from 170 wood species. 7 The specifications of the device report that its measurement principle is based on electrical resistance and is able to measure moisture content in wood from 6 to 44%. 7 To measure the moisture in a wood sample, the two terminals of the MO220 (denoted in this work as Vþ and VÀ) are inserted into the sample and the estimated moisture content (in percent) is reported on the MO220 display. While this device does report the moisture, it does not provide the underlying raw electrical resistance that was collected from the sample. Unfortunately, for the REU projects interested in monitoring the moisture content of bamboo, bamboo is not one of the 150 wood species outlined in the MO220 manual. To determine if the MO220 could still be used to estimate the moisture content of a bamboo sample, a better understanding of its mode of operation was required.
Mode of measurement
To determine the mode of measurement, the excitation signal during a measurement by the MO220 was measured by a Keysight DSO-X 4054A digital oscilloscope, shown in Figure 1 (a), to determine if a time-varying excitation was being applied. The results from this measurement are given in Figure 1 (b), which illustrate that the moisture meter uses a DC voltage excitation of 4.3594 V during measurement. This was verified by measuring the excitation voltage with a Keysight U1233A multimeter, with a reported value of 4.351 V. Therefore, for the remainder of device measurements, a multimeter was used to record the DC currents and voltages.
To characterize how the reported moisture content of the MO220 related to the measured electrical resistance, the reported moisture values were collected when resistances from 1 kX to 1 GX were used as the sample under study. This test configuration is given in Figure 2 where the resistor R is the known resistance to be measured. Note, that Figure 2 also has a voltmeter and ammeter, which were used to collect the voltage across the sample and the current flowing into the MO220 for later tests, but were not connected for this initial characterization. Before being measured by the MO220, each resistance was also measured using a Keysight U1233A. After this measurement, it was connected across the V þ and V À terminals while the device was in the A mode of operation. The device has eight different calibration modes (A, B, C, E, F, G, H, J) which are used for different species of wood. These calibration data used in each mode are based on standard tests of oven drying commercial samples of various wood species 7 and is expected to only change the reported moisture contents displayed by the unit and not the underlying measurement technique. For that reason, only mode A was explored in this work.
The reported moistures for each resistance are given in Figure 3 (a) as circles, ranging from 100% at 1 kX to 9.7% at 1 GX. For resistances below 38.7 kX, the output of the moisture meter is nearly constant, with approximate values of 100%, which appears to be the absolute output limit of the MO220, highlighting that this device is designed to measure large resistance values in the hundreds of kilo-ohms. Above 38.7 kX, the reported moisture content decreases with increasing resistance but does not follow a linear relationship. While the resistance/moisture relationships are not listed in the MO220 datasheet they appear to follow a power relationship of the form
where MC is the reported moisture (in percent); R is the electrical resistance (X); and the values of a, b, and c are coefficients that provide the best fit of equation (1) to the experimental data. The identification of the power law relationship to fit the data was done in MATLAB using the "Curve Fitting Toolbox" and the user selectable fitting functions. A sample of the fitting in this toolbox is provided in Figure 4 which displays the power law fitting and the coefficients describing the goodness of fit. This process extracted parameters of a ¼ 1802, b ¼ À0.3429, and c ¼ 10.03 with r 2 ¼ 0.9836, when applied to the measurements for the MC below 44%. This MC range was selected because it is the listed range of valid values for the MO220. 7 The simulation of equation (1) using these values, from R ¼ 100 kX to 1 GX is given in Figure 3 (a) as a solid line. Across this range of resistances, the relative errors of equation (1) These results are important for those researchers and students interested in understanding how the moisture readings on the MO220 relate to the resistance of the sample being measured and provide a first impression of the range of resistances ( 100 kX to GX) that will be measured in wood products. Collecting these measurements also provided the opportunity for the student to use an oscilloscope to measure the type/magnitude of the excitation voltage and a multimeter to measure the value of each resistor. Further, the use of MATLAB to both plot and analyze the collected measurements helped to improve the student's proficiency with this tool and increase their understanding of its available functionality.
Impact of measurement equipment
Laboratory exercises with test equipment often focus on collecting the desired measurements, with little to no discussion of their limitations or how they may impact collected measurements. For electrical engineering students, the limitations of multimeters and oscilloscopes are presented only after having taken more advanced courses. However, nonmajor students may not have this opportunity but are regardless impacted by these limitations. For this research experience, the impact that a multimeter had on the reported measurements from the moisture meter was explored. To assess this impact, the reported moisture was collected for resistances of 502.1 kX, 974.0 kX; 5.08, 10.18, and 50.03 MX in three measurement configurations: (i) connected directly to the MO220; (ii) connected to the MO220 with an ammeter in series, and (iii) connected to the MO220 with an ammeter in series and voltmeter in parallel. This full test configuration is given in Figure 2 .
The moisture values from each configuration, along with the currents and voltages (as possible based on the configuration) are listed in Table 1 . Note that the values in configuration (ii) are listed in the column Keysight U1233A (Ammeter) of Table 1 , while those from configuration (iii) are listed in column Keysight U1233A (Voltmeter). From the measurements with and without the ammeter, the reported moisture does not change, highlighting that the contribution of the ammeters' series resistance to our measurement is not significant compared to the resistance load. However, from the measurements in Table 1 with and without the voltmeter, its addition does impact the reported moisture. The presence of the multimeter causes an increase in the reported moisture for each resistance load. Further, this increase is greater for the larger load resistances, with a change of 0.4% observed using the 502.1 kX resistor and 3.8% using the 51.03 MX resistor. From the previous experiments to characterize the MO220 mode of operation, an increase in the reported moisture content corresponds to a decrease in the measured resistance. This supports that the multimeter does not have an infinite input resistance (which would be required to prevent this instrument from influencing the measurements). Instead, the multimeter has a very large, but still finite, resistance. The multimeter resistance does not impact a measurement when the device being measured has a resistance much less than the multimeter. Therefore, the results for the 502.1 kX resistor were less impacted than the 51.03 MX resistor. This decrease of total resistance measured by the MO220 aligns with the expected results when the multimeter is modeled as a resistor. The additional path increases the current drawn from the MO220, which when using an equivalent circuit representation of the load resistor and the multimeter decreases this equivalent resistance compared to the case when the multimeter is not connected.
From the measurements in Table 1 , the presence of the multimeter causes a current increase ranging from 0.34 to 0.39 mA. These current increases indicate that the multimeter has a resistance in the range of 11.7 to 11.1 MX, which is very close to the 11.18 MX input impedance reported in the DC specifications of the Keysight U1233A datasheet. 8 This exercise highlights how the addition of test equipment can influence collected measurements, which is very important for any engineer or scientist collecting experimental data to understand. Additionally, it provided hands-on experience with connecting multimeters in both series and parallel to collect the required measurements and provided the opportunity to apply concepts of parallel resistance and equivalent circuits to reinforce the underlying circuit theory. 
Bamboo measurements
While noted earlier that the MO220 did not list bamboo as one of the species it could measure, the electrical resistance of bamboo samples was measured to determine how the electrical resistance changed as a result of the change in moisture content. For this experiment, two samples of Moso (P. edulis) bamboo with inner culm diameters of 36.85 and 20.52 mm, culm wall thicknesses of 5.60 and 3.40 mm, and lengths of 98.43 and 98.61 mm for samples 1 and 2, respectively, were measured. These measurements for both samples are illustrated in Figure 5 . The moisture measurements were collected after both samples were immersed in a water bath for 3 h to increase the water content in each sample. This immersion was done because available bamboo samples had been in storage for more than a year, which had resulted in significant drying. As a result of this drying, the electrical resistance of both samples was outside the measurement range of the MO220. After the water immersion, samples 1 and 2 had absorbed approximately 8 and 3 g of water, respectively, which reduced the electrical resistance by increasing the available medium for the charge transfer at the electrode/electrolyte interface formed at the terminals of the MO220. The moisture and mass measurements were then collected at 15 min intervals after removal from the water bath. These measured values are given in Table 2 for both samples. To ensure consistency in data collection, the location on each bamboo sample to contact the MO220 Figure 5 . Dimensions of Moso (P. edulis) bamboo samples. terminals was highlighted with a medical marker for reliable placement at each time point. From the collected moisture measurements, the absorbed water had a significant impact on the electrical resistance of the bamboo samples, with reported moisture contents of 11.1 and 13.4% for samples 1 and 2, respectively, at the first time point after the water bath. These moisture contents correspond to electrical resistances of approximately 2.55 GX and 90.33 MX, respectively, predicted using equation (1) . After the first collected data point, the reported moisture decreases with every subsequent measurement reaching 7.9 and 8.5% for samples 1 and 2 after 75 min, indicating that the electrical resistivity of these samples is increasing (into the GX range) as the water content decreases during drying in the ambient air.
Based on the measured masses of the bamboo pre-and postwater immersion, the water content of the bamboo for samples 1 and 2 can be estimated at approximately 12.3 and 12% of the total sample mass immediately after removal from the water bath. These estimations are very similar to those values reported by the MO220, which were 11.1 and 13.4%, respectively. These preliminary results support that this device in the A setting may provide a good estimate for the moisture content of bamboo. However, follow-up investigations are required to validate this using multiple samples of bamboo at known moisture contents, with bamboo that has not previously been dried through extended storage, and compared against estimates using the other operating modes of the MO220.
While this exercise was presented as a component of a research experience, it could be easily incorporated into laboratories aimed at introducing or reinforcing the concepts of resistance for both electrical and nonelectrical engineering majors. The benefit of this approach is that it presents resistance in terms of physical concepts (moisture and a physical bamboo sample) which may be more intuitive for students to comprehend. The results from this experiment should serve to reinforce that resistance is a quantity of all materials (including biological materials), not just a theoretical electrical concept that most students may associate with the through-hole components that are ubiquitous in electrical engineering laboratories. Understanding how resistance can be used to monitor physical quantities is not only important for electrical engineering, since it has multiple applications to other disciplines. A few examples of these wider applications include the measurement of moisture in concrete, 9 detection of foodborne bacteria, 10 indoor corrosion monitoring, 11 and detection of nitrogen dioxide gas, 12 which may be useful to share with nonelectrical students to increase their motivation to understand and apply these concepts to topics that more closely align with their own expectations of their discipline. This experience could easily be adapted into a training workshop for a research group or as a laboratory exercise in a larger formal course to familiarize students with resistance measurements and their physical interpretations. Additionally, these investigations could be expanded to explore how effects such as temperature, humidity, and probe contact quality (which were not explored in this research experience) impact the collected measurements to highlight how both environmental conditions and the test setup affect measurements.
Student experience and observations
By completing this research experience the student was able to achieve many of the objectives that are typical of electrical engineering laboratories, including: (i) applying the appropriate instrumentation to make measurements of resistance, current, and voltage; (ii) identifying the model that the moisture meter uses to predict the moisture content of wood products; (iii) collect, analyze, and interpret the resistance measurements to form and support conclusions regarding moisture and resistance; and (iv) communicate their laboratory work with both their mentor and other undergraduate students.
A postexercise reflection was administered to the student to qualitatively assess their perception of the exercise and electrical engineering as well as their takeaways from the experience. The questions (in bold) and the student responses (in italics) from this reflection are given below:
What new skills have you learned/developed during this experience? I have learned how to use the multimeter, oscilloscope, and moisture meter. I learned how to connect test equipment in a way that takes two measurements at once, as well as how those connections affect the measurements reported by the test equipment. In addition, I have learned to always be mindful of the precision range and calibration settings of a certain piece of equipment. My MATLAB skills have improved as well. I have learned new functions such as xlsread and the curve fitting app. The constant exposure to MATLAB has made me a lot more comfortable with using the software.
What are you most proud of having learned this summer? One of the lessons I have learned was that test equipment will not always yield perfect results. Before working in this lab, I was unaware that test equipment had limitations of precision, range, or calibration settings. After working with the moisture meter, I have learned that equipment will yield a certain range of outputted data, outside which the data would yield less accurate results. I am most proud to have gained this insight, for it will be valuable to understand and apply to all equipment I will work with in the future.
Have your ideas about electrical engineering changed throughout this experience? There is no undergraduate electrical engineering course at my college, so I did not have a good understanding about it. Though I knew basic circuit concepts, I have not applied these concepts to how test equipment works. After working in this lab, I now have a greater appreciation for the topic. I now see that more advanced concepts of electrical engineering are crucial to know for any person working with test equipment. Having insight into the equipment limitations and their effects is important to evaluate and understand the results that are outputted. Applying electrical engineering concepts to the work I did this summer gives me a higher admiration of the subject. This is a helpful experience that I think is important for all engineering disciplines to have.
From the responses, it is clear that this exercise was successful at improving the student's familiarity and confidence with the electrical test equipment. Most significantly, the recognition that test equipment has limitations and the impact that those limitations may have on experimental results is a great outcome of this experience, and indicates that this set of exercises was successful at achieving this learning objective for this student. As a secondary learning objective, the increased comfort with MATLAB through both importing raw measurements, plotting these datasets to visualize them, and applying curve fitting procedures for their analysis is another success of these exercises.
Conclusion
This paper has detailed the experience of introducing a junior chemical engineering student to concepts from electrical engineering through the characterization of a commercial moisture meter to measure bamboo during an undergraduate research experience at UA. Through this experience, the student increased their confidence and proficiency with electrical test equipment, expanded their understanding of limitations of electrical test equipment, used measurements to characterize the operation of a moisture meter, and applied electrical engineering concepts of resistance to real-world applications of moisture content measurement. Postexercise reflections support that these exercises were successful at meeting the learning objectives of these tasks. While this exercise was a component of an undergraduate research experience, similar exercises could be easily integrated into electrical engineering laboratories for nonelectrical engineering majors to introduce and reinforce concepts from electrical engineering using a multidisciplinary application.
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